1. Introduction {#s0005}
===============

The astonishing phenotypic diversity within maize (*Zea mays* ssp. *mays*) may only be paralleled by the range of variation in dogs, with the difference that maize was domesticated only ca. 9000 years ago [@bb0110], [@bb0165] and dogs up to ca. 35,000 years ago [@bb0160]. The morphological and physiological variation of maize is evidenced by its hundreds of landraces [@bb0060]. Landraces are dynamic populations with a historical origin, distinct identity, often genetically diverse and locally adapted, and associated with a set of farmers\' practices of seed selection and field management as well as with traditional knowledge [@bb0035]. In Mexico 59 maize landraces are currently grown [@bb0150], including Wellhausen\'s [@bb0170] landraces, although more may remain undiscovered [@bb0095]. These landraces are particularly important from the genetic perspective because they are grown under contrasting environmental conditions; and because Mexico is where maize was domesticated most likely from Balsas teosinte (*Z. m.* ssp. *parviglumis*; [@bb0090], [@bb0165]) and where admixture with another teosinte (*Z. m.* ssp. *mexicana*) widely occurred ever since [@bb0165].

The Mexican landraces thus represent an important element to explore the evolution of the maize genome and could act as a genetic reservoir for further adapting crops to new conditions and pathogens [@bb0060]. However, in order to conserve, monitor and better use this variation it is necessary to understand it at its molecular, geographic and biocultural levels.

The high diversity of Mexican maize landraces is related to the biocultural processes by which they emerged: landraces are a product of indigenous selection to satisfy quality and variety requirements of the indigenous diet and traditions including religious ideas related to the color and shape of the cob [@bb0095]. This has been carried out by more than 60 indigenous groups and mestizo farmers of Mexico for over 9000 years [@bb0085] and it is still an on-going process. For instance, some landraces traits (e.g. color, shape) are associated to specific products of the Mexican cuisine and are consumed both the rural producers and the population of urban areas [@bb0080], thus driving preferences and selection over landraces and traits. In this way, both for food security and cultural preferences, the Mexican maize landraces are still grown in the country. This is done mostly by smallholders, typically in \< 5 ha, but together accounting for 85% of the productive land of Mexico [@bb0115], [@bb0155]. These smallholders perform rainfed and traditional agriculture, often growing more than one variety per cycle because a single one does not contain all the desired characteristics and because growing landraces with different vulnerabilities allows for a yield even under adverse conditions ([@bb0020], [@bb0080], [@bb0140]. Such management generates diverse opportunities for gene flow, thus promoting a complex genetic mosaic among these landraces. To such gene flow scenario we must add that some of the Mexican landraces are grown in sympatry with wild teosinte subspecies, which in Central Mexico occur as weeds, but that are also considered a valuable genetic resource, especially regarding resistance to adverse conditions and diseases [@bb0130].

On top of the diversity driven by cultural preferences, there is the diversity of environments provided by the Mexican topography to which maize has been exposed here over historical time. This means that the Mexican maize landraces have been grown over thousands of years from sea level to more than 2900 m of altitude, from 12.0 to 29.1 °C growing season mean temperature and from 400 to 3555 mm growing season rainfall [@bb0145]. In other words, these landraces can be grown in a wide range of environments including arid and cold conditions, where commercial hybrids perform poorly [@bb0020], [@bb0080].

Despite their importance, several Mexican maize landraces are threatened due to the socio-economic problems that Mexican agriculture is currently facing [@bb0005], [@bb0025], [@bb0080]. Under such scenario, several instances of the Mexican government started the "Global Native Maize Project" (<http://www.biodiversidad.gob.mx/genes/proyectoMaices.html>), an initiative to update the data on Mexican maize landraces and their wild relatives, and to generate information that is necessary for implementing the Mexican Biosafety Law [@bb0050]. This legislation requires the scientific and detailed description of the areas of origin for crops native to Mexico and analyses of their genetic diversity, and thus needs molecular tools and data that could help monitoring and managing the Mexican germplasm [@bb0025].

Here we provide 36,931 SNPs genotyped using Illumina MaizeSNP50 BeadChip in 46 maize landraces and two teosinte subspecies aiming to: (1) aid programs for the conservation, monitoring and better use of this variation, by providing a summary of the genetic diversity present in the Mexican landraces sampled during the Global Native Maize Project; and (2) to facilitate further research on the genetic variation of maize by adding to the existing data this publically available dataset of recently collected samples. We accompany these data with a short description of the variation in each landrace ([Table 1](#t0005){ref-type="table"}), as well as maps, principal component analyses and neighbor joining trees showing the distribution of the genetic diversity relative to landrace ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}), geographical features ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}a) and maize biogeography ([Fig. 5](#f0025){ref-type="fig"}b). The results presented here can also be explored with interactive figures available at <https://conabio.shinyapps.io/MaicesMx50kSNP-english>. The present dataset is a following up product of the abovementioned Global Native Maize Project, and represents a contribution to the molecular data needed to monitor and manage the Mexican genetic diversity of maize.

2. Results and discussion {#s0010}
=========================

One to 16 (mean 3.4) accessions (one individual each) per landrace and two per teosinte subspecies were included ([Table 1](#t0005){ref-type="table"}). For the landraces, the expected heterozygosity ranged from *H*~E~ = 0.234 to 0.318 (mean 0.311), and for *Zea m. mexicana* and *Zea m. parviglumi*s it was *H*~E~ = 0.262 and 0.234, respectively ([Table 1](#t0005){ref-type="table"}). Up to 70,749 total alleles were found in a single landrace (Cónico, n = 16) and a minimum of 44,134 (Zapalote Chico, n = 1), with a mean of 59,799. Most *F*~IS~ values were negative (65%) or close to zero, ranging from *F*~IS~ = − 0.928 (Palomero Toluqueño, n = 1) to 0.225 (Nal-tel. de Altura, n = 5, [Table 1](#t0005){ref-type="table"}). These results show that there is high genetic variation among the Mexican maize landraces, and that most of the sampled landraces form out-crossing groups.

The first three components of the PCA accounted for 6.44, 2.13 ([Fig. 1](#f0005){ref-type="fig"}b) and 1.42% of the variation, respectively, and 50% of the variation was explained by 60 components. Mexican maize landraces do not form distinct clusters ([Figs. 1](#f0005){ref-type="fig"}b, c and [2](#f0010){ref-type="fig"}). The samples form clearer groups when examining the morphological groups ([Fig. 1](#f0005){ref-type="fig"}d), but these do not correspond to the six clusters identified by the clustering analysis ([Fig. 2](#f0010){ref-type="fig"}). In fact, only the group Cónico corresponds to most samples from Cluster 2 ([Fig. 2](#f0010){ref-type="fig"}) and the rest of the clusters include a mixture of landraces and morphological groups, which shows that most landraces are not monophyletic units.

Altitude and latitude have a visible effect on the structure seen in the PCA ([Figs. 3](#f0015){ref-type="fig"} and [4](#f0020){ref-type="fig"}). The samples can be divided according to the low (\< 1000 m) or high (\> 2000 m) altitude range where they are grown ([Fig. 3](#f0015){ref-type="fig"}c, top), with some samples falling in an intermediate range. This variation accounts for most of the structure seen in the first component of the PCA. The admixture analysis ([Fig. 4](#f0020){ref-type="fig"}) is similar to previously published results [@bb0165] and also shows that altitude is an important variable driving genetic structuring. However, latitude also structures the variation by creating a North and South split around 19.8° N, which accounts for the gradient seen in the second component of the PCA. Noteworthy, in the admixture analysis some of the individuals of low altitudes showed assignment values of the group mostly present at high altitudes ([Fig. 4](#f0020){ref-type="fig"}, red bars), a possible explanation could be gene flow given the small distances separating maize populations despite altitudinal differences. However a larger sampling size would be necessary to test this further.

Given the long shape and complex topography of Mexico, the interaction of altitude and latitude derives in a wide range of environmental conditions were maize landraces are grown. This range of conditions is also reflected in the PCA and the neighbor joining trees, as the ecological groups according to [@bb0145]; [Figs. 4](#f0020){ref-type="fig"} and [5](#f0025){ref-type="fig"}c, top) explain the clustering of samples with more detail than altitude alone. Overlapping this information with maize biogeographic regions of ([@bb0105]; [Fig. 5](#f0025){ref-type="fig"}c, bottom) and landrace distribution ([Fig. 1](#f0005){ref-type="fig"}) shows that the biogeographical regionalization in general terms describes both geography and environmental conditions. For instance, the samples from the Central Plateau (i.e. mostly the Cónico group) are grown at high elevations of temperate climate, while the Northwest Sierras region groups several landraces of low to mid elevations (bottom clade in the neighbor joining trees) that are grown in semi-hot environments forming a northwards genetic cline (gold in [Fig. 5](#f0025){ref-type="fig"}c, bottom).

Given the rapid decay of linkage disequilibrium reported for maize, it is expected that selection at a given locus will have little effect on its neighboring loci [@bb0015], [@bb0135]. Because farmers perform directional selection based on a limited number of traits [@bb0140], it is possible for landraces to keep their distinguishing morphological characteristics despite extensive gene flow (both human mediated seed exchange and natural pollen dispersal). Thus, contrasting local adaptation to different environmental conditions ([Figs. 3](#f0015){ref-type="fig"} and [4](#f0020){ref-type="fig"}) and farming practices (e.g. deep plating; [@bb0045]) can widely occur between and within landraces.

3. Conclusions {#s0015}
==============

The Mexican maize landraces have a high genetic diversity that is structured mostly according to the interaction of latitude and altitude that the Mexican landscape offers. At the same time, this genetic diversity is exposed to management practices that promote not only directional selection, but also gene flow with other landraces or *Z. mays* subspecies. In this way, a maize landrace can better be considered an open and evolving genetic system rather than a fixed category [@bb0120], in which the conservation of its genetic diversity likely deepens on preserving the evolutionary processes and traditional management practices that have generated such diversity. The present dataset adds-up to the already published material, so that such evolutionary processes could be studied further and the conservation of the Mexican landraces could be monitored with the inclusion of genetic information.

4. Materials and methods {#s0020}
========================

4.1. Sampling {#s0025}
-------------

Maize samples include 46 landraces grown in Mexico ([Table 1](#t0005){ref-type="table"}), they are represented by 161 accessions provided by the Maize Germplasm Bank of the Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias (INIFAP). which were collected directly from farmers mostly between 2006 and 2010 as part of the Global Maize Project. Seed collection used herein is a good representation of the geographic occurrence of maize in Mexico, and covers the entire country ([Fig. 1](#f0005){ref-type="fig"}a). Teosinte species were sampled during 2012 from wild populations or were obtained from botanical gardens collections. Metadata of samples is available at: <http://dx.doi.org/10.5061/dryad.4t20n>.

4.2. DNA extraction {#s0030}
-------------------

One seed per accession was germinated in the greenhouse at the Instituto de Ecología-UNAM and leaf tips were collected from three-week old seedlings. DNA was extracted with a modified CTAB protocol [@bb9000] and purified with the Qiagen MinElute PCR purification kit. DNA quality was determined with a Nanodrop spectrophotometer. Samples with a 260/280 ratio below 1.6 were re-extracted.

4.3. Maize SNP50K BeadChip genotyping and quality control {#s0035}
---------------------------------------------------------

Single nucleotide polymorphisms were genotyped at the Instituto Nacional de Medicina Genómica (INMEGEN) with the Illumina MaizeSNP50 BeadChip on an Infinium HD assay (Illumina, San Diego, CA, USA). Automated allele calling was implemented in GenomeStudio 2010.1 (Genotyping module 1.7.4; Illumina) after excluding loci with GenTrain score \< 0.3, manually checking loci with scores 0.3--0.45 and excluding loci with more than 30% missing data. Data was exported to PLINK [@bb0125], where individuals with more than 10% of missing data were removed. Final dataset comprises 36,931 SNPs, out of which 862 were monomorphic.

4.4. Genetic descriptive analyses and geographic data {#s0040}
-----------------------------------------------------

To visualize the distribution of genetic variation a neighbor joining tree was constructed using the *adegenet* and *ape* packages of R [@bb0070], [@bb0100]. A PCA of all polymorphic SNP genotypes (i.e. not considering possible linkage disequilibrium effects) was also performed using the package *SNPRelate* [@bb0175] and a clustering analysis was performed using *adegenet* and *ade4* [@bb0055]. The first two components were used for plotting. Only maize samples were plotted because the known issue of unequal sampling in PCA of genetic data [@bb0030]. Samples were colored by landrace, landrace morphological group [@bb0050], [@bb0150]; [Fig. 1](#f0005){ref-type="fig"}), altitude ([Fig. 3](#f0015){ref-type="fig"}), latitude ([Fig. 3](#f0015){ref-type="fig"}), by landrace ecological group according to Ruiz Corral et al*.* [@bb0145] ([Fig. 5](#f0025){ref-type="fig"}a) and by the biogeographic regions of maize according to Perales & Golicher [@bb0105] biocultural analyses ([Fig. 5](#f0025){ref-type="fig"}b). Interactive plots were also constructed using the package *shiny* [@bb0040] and are available at CONABIO\'s website <https://conabio.shinyapps.io/MaicesMx50kSNP-english>.

Observed (*H*~O~) and expected (*H*~E~) heterozygosity were calculated separately for each landrace using the *adegenet* package in *R* [@bb0070] and corrected for small sampling size using *H*(2n/(2n-1)) following Hedrick [@bb0065]. The inbreeding coefficient *F*~IS~ was calculated as (*H*~E~ − *H*~O~) / *H*~E~ ([Table 1](#t0005){ref-type="table"}).

4.5. Admixture analysis {#s0045}
-----------------------

To further verify if the present dataset shows the altitude-driven structure found by previous studies [@bb0165] an admixture analyses was performed using the software ADMIXTURE v. 1.23 [@bb0010] with K = 3. This value of K was chosen to examine if our samples form the three altitudinal groups previously reported (Meso-America Lowland, West Mexico and Mexican Highlands; [@bb0165]).

4.6. Data availability {#s0050}
----------------------

SNP data, maps, metadata, admixture files and scripts used here are available at the Dryad Digital Repository: <http://dx.doi.org/10.5061/dryad.4t20n> available upon acceptance). Interactive figures are available at CONABIO\'s website as part of the Global Native Maize Project results: <https://conabio.shinyapps.io/MaicesMx50kSNP-english>.
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![Genetic variation by maize landrace and morphological groups in Mexico. a) Geographic origin of the samples; b) PCA showing the first two components, each point represents a sample colored by landrace (teosinte spp. are not shown); c) neighbor joining trees colored by landrace; and d) by morphological group according to CONABIO [@bb0050]. Maize landrace color code is shown to the right of the black bar and group code to the left.](gr1){#f0005}

![Clustering analyses for the maize landraces from Mexico. a--b) PCA showing the first two components and the six groups found. Samples are colored by (a) landrace; and (b) morphological group according to CONABIO [@bb0050]. Color codes as in [Fig. 1](#f0005){ref-type="fig"}. c) Clusters identity is shown in the neighbor joining tree. Maize landraces are represented with circles and teosinte with other characters as in [Fig. 1](#f0005){ref-type="fig"}.](gr2){#f0010}

![Genetic variation with respect to altitude and latitude in maize landraces from Mexico. a) Altitude category of sampled accessions: high (2000 to \> 2750 m), mid (1000 to 2000 m) and low (\< 1000 m); b) latitudinal range of sampled accessions; c) PCA showing the first two components (left) and neighbor joining trees (right) colored by altitude category (top) and latitude (bottom). The shape of the symbol indicates maize or teosinte subspecies. Teosintes are not shown in the PCA.](gr3){#f0015}

![Top: altitude at which individuals were sampled. Bottom: bar plot of assignment values of the admixture analysis. Each bar corresponds to an individual. The grew line below indicates if the individual is a maize landrace (left) or teosinte (m: *mexicana*, and p: *parviglumis*).](gr4){#f0020}

![Distribution of genetic variation in ecological and maize biogeographic regions in Mexico. a) Ecological group of sampled accessions as in Ruiz Corral et al*.*[@bb0145], numbers refer to mean seasonal rainfall (mm); b) Sampling over the maize biogeographic regions of Perales & Golicher [@bb0105]; and, c) PCA showing the first two components (left) and neighbor joining trees (right) colored by ecological group (top) and maize biogeographic region (bottom). Teosintes are not shown in the PCA. The ecological group for some samples is missing, those samples are not colored but their tree branches are shown.](gr5){#f0025}

###### 

Population genetics statistics for the genotyped Mexican landraces and teosinte species using the Illumina MaizeSNP50 BeadChip.

  Landrace or sp.               n    \% Missing data   Total number of alleles   *H*~E~   *H*~O~   *F*~IS~
  ----------------------------- ---- ----------------- ------------------------- -------- -------- ---------
  Ancho                         3    0.90              61,314                    0.308    0.341    − 0.106
  Apachito                      2    0.95              57,153                    0.307    0.379    − 0.234
  Arrocillo                     4    0.93              64,856                    0.326    0.309    0.051
  Azul                          2    0.88              56,711                    0.300    0.374    − 0.246
  Blando de Sonora              1    0.79              46,896                    0.294    0.560    − 0.907
  Bofo                          1    0.90              46,656                    0.290    0.550    − 0.893
  Cacahuacintle                 5    1.06              65,784                    0.319    0.271    0.149
  Celaya                        3    1.03              59,772                    0.288    0.332    − 0.154
  Chalqueño                     7    1.00              68,346                    0.329    0.282    0.142
  Chapalote                     2    1.11              56,672                    0.302    0.322    − 0.067
  Comiteco                      5    1.10              66,071                    0.324    0.272    0.161
  Complejo Serrano de Jalisco   2    0.91              57,257                    0.309    0.376    − 0.218
  Conejo                        4    0.84              64,725                    0.323    0.336    − 0.040
  Coscomatepec                  3    1.15              61,334                    0.308    0.334    − 0.085
  Cristalino de Chihuahua       2    0.87              57,319                    0.309    0.378    − 0.223
  Cónico                        16   0.89              70,749                    0.328    0.289    0.120
  Cónico Norteño                3    1.10              61,352                    0.310    0.281    0.093
  Dulce                         1    0.87              47,433                    0.311    0.591    − 0.904
  Dulcillo del Noreste          2    0.93              55,987                    0.289    0.374    − 0.293
  Dzit-Bacal                    3    1.04              61,848                    0.317    0.326    − 0.031
  Elotero de Sinaloa            5    0.83              65,725                    0.317    0.314    0.012
  Elotes Cónicos                14   0.86              70,559                    0.327    0.292    0.107
  Elotes Occidentales           4    0.85              64,872                    0.326    0.342    − 0.049
  Gordo                         2    0.78              58,426                    0.327    0.384    − 0.175
  Jala                          4    0.78              64,820                    0.324    0.335    − 0.034
  Mushito                       3    0.96              62,086                    0.321    0.332    − 0.036
  Nal-tel. de Altura            5    1.30              65,075                    0.312    0.242    0.225
  Olotillo                      6    0.86              67,455                    0.329    0.309    0.059
  Olotón                        4    0.87              64,614                    0.322    0.310    0.038
  Onaveño                       2    1.01              56,516                    0.297    0.328    − 0.104
  Palomero Toluqueño            1    0.68              48,012                    0.320    0.618    − 0.928
  Palomero de Chihuahua         1    0.91              46,579                    0.289    0.546    − 0.891
  Pepitilla                     4    0.83              64,520                    0.321    0.318    0.008
  Ratón                         3    1.10              61,788                    0.315    0.348    − 0.102
  Reventador                    2    0.90              58,103                    0.322    0.403    − 0.251
  Tablilla de ocho              2    0.97              57,625                    0.314    0.384    − 0.223
  Tabloncillo                   4    0.95              63,947                    0.312    0.310    0.008
  Tabloncillo                   3    1.18              61,823                    0.319    0.315    0.013
  Tehua                         2    1.07              56,262                    0.296    0.339    − 0.146
  Tepecintle                    4    0.83              64,540                    0.322    0.318    0.012
  Tuxpeño                       4    0.92              63,965                    0.314    0.311    0.008
  Tuxpeño Ñorteño               2    1.09              55,851                    0.289    0.363    − 0.259
  Vandeño                       4    0.79              65,028                    0.328    0.333    − 0.015
  Zamorano Amarillo             3    0.86              61,726                    0.314    0.348    − 0.110
  Zapalote Chico                1    1.31              44,134                    0.234    0.422    − 0.800
  Zapalote Grande               1    0.83              47,346                    0.307    0.586    − 0.908
  *Zea m. mexicana*             2    2.69              53,687                    0.262    0.306    − 0.171
  *Zea m. parviglumis*          2    2.88              51,530                    0.234    0.189    0.191

n: number of individuals used per landrace or species, *H*~E~: expected heterozygosity correcting for sampling size, *H*~O~: observed heterozygosity correcting for sampling size, *F*~IS~: inbreeding coefficient.
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